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ABSTRACT

The turbines used in rocket-engine applications are

often partial-admission turbines, meaning that the
flow enters the rotor over only a portion of the

annulus. These turbines have been traditionally

analyzed, however, assuming full-admission
characteristics. This assumption enables the

simulation of only a portion of the 360-degree
annulus, with periodic boundary conditions applied in
the circumferential direction. While this traditional

approach to the simulating the flow in partial-
admission turbines significantly reduces the

computational requirements, the accuracy of the
solutions has rarely been evaluated. In the current

investigation, both full- and partial-admission three-

dimensional unsteady Navier-Stokes simulations were

performed for a partial-admission turbine designed
and tested at NASA Marshall Space Flight Center.

The results indicate that the partial-admission nature
of the turbine must be included in simulations to

properly predict the performance and flow
unsteadiness of the turbine.

NOMENCLATURE

M - Mach number

p - Static pressure
Pt - Total Pressure

Tt - Total temperature
W - Work

ot

F
11

- Absolute circumferential angle

- Relative circumferential angle

- Total-to-total efficiency

INTRODUCTION

Partial-admission turbines are used in many high-

speed applications, especially in rocket engines. In a

partial-admission environment the flow enters the
turbine rotor over only a portion of the complete
annulus. Thus, the turbine rotors periodically pass

through flowing regions and regions of no flow. The
turbine airfoils, therefore, operate in an unsteady flow

environment that is strongly dependent on the
circumferential location of the airfoils. Historically,

partial-admission turbines have been analyzed using
full-admission flow assumptions, namely that the flow
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isperiodicand that only a portion of the annulus need
be simulated. The impact of this assumption on the

design and predicted performance of partial-
admission turbines has not been thoroughly

investigated. Some theoretical and experimental
studies of partial-admission turbines include the
works of Horlock [1], Boulbin et al. [2], and Huzel

and Huang [3].

The objective of the current study is to characterize

the unsteady and time-averaged flow fields in a

partial-admission turbine by performing full- and

partial-admission simulations of the Simplex turbine.
This will help to assess the inaccuracies due to the

full-admission assumption commonly used for design

purposes. The Simplex turbine was designed and
tested at NASA Marshall Space Flight Center to study

the use of composite materials in high-speed turbine

geometries. The computational simulations were

performed using a three-dimensional time-dependent
Navier-Stokes analysis. The numerical results have

been compared with limited experimental data.

NUMERICAL PROCEDURE

The governing equations considered in this study are
the time-dependent, three-dimensional Reynolds-

averaged Navier-Stokes equations. The algorithm
consists of a time-marching, implicit, finite-difference

scheme. The procedure is third-order spatially
accurate and second-order temporally accurate. The
inviscid fluxes are discretized according to the

scheme developed by Roe [4]. The viscous fluxes are

calculated using .standard central differences. An

approximate-factorization technique is used to
compute the time rate changes in the primary
variables. Newton sub-iterations are used at each

global time step to increase stability and reduce
linearization errors. For all cases investigated in this

study, one Newton sub-iteration was performed at

each time step. The turbulent viscosity is calculated

using the two-layer Baldwin-Lomax algebraic
turbulence model [5]. Message Passing Interface

(MPI) and OpenMP application program interfaces

(API's) are used for parallel processing to reduce the

computation time.

The Navier-Stokes analysis uses O- and H-type zonal

grids to discretize the flow field and facilitate relative
motion of the rotating components (see Fig. 1). The

O-grids are body-fitted to the surfaces of the airfoils
and generated using an elliptic equation solution

procedure. They are used to properly resolve the
viscous flow in the blade passages and to easily apply

the algebraic turbulence model. The algebraically

generated H-grids are used to discretize the remainder
of the flow field, including the nozzles.

The computational analysis has been validated on
several supersonic turbine geometries (e.g., Refs. 6

and 7).

BOUNDARY CONDITIONS

The theory of characteristics is used to determine the
boundary conditions at the inlet and exit of the

computational domain. The total pressure, total

temperature, and the circumferential and radial flow

angles are specified as a function of the radius. The
upstream running Riemann invariant is extrapolated
from the interior of the computational domain.

At outflow boundary the circumferential and radial

flow angles, total pressure, and the total temperature
are extrapolated from the interior of the computational
domain. The total-to-static pressure ratio is specified

at mid-span of the computational exit and the pressure
at all other radial locations at the exit is obtained by

integrating the equation for radial equilibrium.

Periodicity is enforced along the outer boundaries of
the H-grids in the circumferential direction.

At solid surfaces the relative velocity is set to zero,

the normal derivative of the pressure is set to zero,
and the surfaces are assumed to be adiabatic.

GEOMETRY AND FLOW CONDITIONS

The single-stage supersonic turbine, called Simplex,
includes straight centerline nozzles and was designed
and tested at NASA Marshall Space Flight Center.

The turbine was tested with both metallic and

composite rotor airfoils, and the time-averaged total

temperatures and total pressures were recorded at
several locations in the rig.

The Simplex turbine geometry includes 6 straight
centerline nozzles, flowing over half the annulus, and
95 rotors. In the full-admission simulation it was
assumed the turbine contained 12 nozzles (i.e.,

equally-spaced flowing nozzles around the annulus)
and 96 rotors, with the rotors being scaled by the

factor of 95/96. A l-nozzle/8-rotor model was then

simulated. In the partial-admission simulation the

actual turbine geometry of 6 flowing nozzles

(covering half the annulus) and 95 rotors was
simulated. The spanwise sectional grids for the rotors
in both simulations contained approximately 5,000

grid points. The full-admission simulations utilized 31

spanwise planes, while the partial-admission utilized
15 spanwise planes. The use of 15 spanwise planes



wasdeemedacceptablebasedonthelengthscalesof
theunsteadinessassociatedwith thenozzles•Each
straightcenterlinenozzle was modeledwith
approximately270,000gridpoints.Thus,a totalof
approximately1.3milliongridpointswereusedinthe
full-admissionsimulationand approximately7.1
milliongridpointswereusedin thepartial-admission
simulation.Thecomputationalgridsfor thenozzles
androtorsareshowninFig.1.

Theflowentersthenozzlesat a Machnumberof
approximatelyM=0.25andatotalpressureofPt=801
psia.The peakMachnumberin the nozzleis
approximatelyM=2.80.Thetotal-to-staticpressure
ratioacrossthecompleteturbineisapproximately15.
Theoperatingfluid in the rig testswasgaseous
nitrogen,whiletheoperatingfluidin theengineand
currentsimulationsisoxygen.

Both simulationswere run for more thanone
completerotor revolution.The simulationswere
performedon17to38450-MHzprocessorsofanSGI
Origin2000locatedatNASAAmesResearchCenter.
The simulationsrequiredapproximately3x106
sec/gridpoint/iterCPUtimeperprocessoron 38
processors.

RESULTS

Figures 2 and 3 display Mach number contours in one
nozzle from the full-admission and partial-admission

simulations, respectively. The figures represent the

same relative position between the nozzle and the
rotors. In the full-admission simulation the rotor flow

field exerts a back-pressuring effect on the nozzle,

causing the nozzle exit flow to develop a subsonic
core (see Fig. 2). This is a direct consequence of

assuming flowing nozzles around the complete
annulus in conjunction with the known experimental

(partial-admission) exit boundary conditions.

One view of instantaneous Mach contours for the

entire turbine (nozzles and rotors) in the full-

admission and partial-admission simulations are
shown in Figs. 4 and 5, respectively. In the partial-
admission simulation the thick wakes associated with

the solid wall regions between adjacent nozzles are

clearly visible. The low-speed flow regions outside
the influence of the nozzles are also evident near the

bottom of Fig. 5. In the full-admission simulation the
subsonic flow region at the nozzle exit causes a higher

static pressure entering the rotor. Therefore, there is a

greater acceleration in the rotor to achieve the
prescribed exit pressure. The relative Mach number in

the full-admission simulation remains supersonic to

the turbine exit.

A second perspective of the instantaneous Mach
contours is shown in Figs. 6 and 7. The non-uniform
flow across the nozzle exit is observed in Fig 6,

followed by high-speed flow throughout the rotor.
This phenomenon washes out the wakes created by
the solid wall region between adjacent nozzles. The

partial-admission solution contains a large region of

low speed flow outside the influence of the flowing
nozzles, except for the flow carried along in blade

passages by the rotating blades.

•Tables 1 and 2 contain the mass- and time-averaged

flow quantities at the inlet and exit of the nozzles and
rotors, respectively. The flow quantities at the nozzle
inlet are similar, except the mass flow in the full-
admission simulation is twice that of the partial-

admission simulation. The average Mach number and

total pressure are higher at the nozzle exit in the

partial-admission simulation. As noted earlier, the
differences are caused by the rotor exerting a strong

back pressure effect in the full-admission simulation.

The large differences in the rotor inlet and exit
conditions are the result of including the region of low
flow outside the influence of the flowing nozzles in

the averaging process for the partial-admission
simulation. Confining the averaging process to the

regions of the annulus influenced by the flowing
nozzles results in closer agreement of the flow

quantities, but disregards the important partial-
admission flow phenomena. The efficiency and work
in the full-admission simulation are, as expected,

greater than in the partial-admission simulation. In the
experiments the determination of the efficiency was
based in part on three probes located at different
circumferential locations at the exit of the rotor. Two

of the probes were located within the influence of the
flowing nozzles, while one was in the low flow

region. Thus, the experimental efficiency of 60.5%
should be biased towards the value predicted in the
full-admission simulation. Indeed, the experimental

efficiency is bracketed by the predicted partial-
admission value of 50.4% and full-admission value of

63.3%. The discrepancies between the experimental

and predicted efficiencies are likely the result of many
sources, including: a) the tests were run in nitrogen
and the simulations were run for oxygen, b) the

limitations of the computational grid density, and c)

only a small number of data acquisition locations
were used in the experiments because the focus of the

program was the turbine materials.

Figure 8 displays unsteady pressure envelopes at three
spanwise locations from the full-admission



simulation.Figure9 displayssimilarenvelopesfrom
thepartial-admissionsimulationwhenthebladesare
movingthroughthehalf of theannuluswith the
flowingnozzles,whileFig.10displaystheenvelopes
fromthepartial-admissionsimulationwhentheblades
traverseboththeflowingandnon-flowingregions.
Bothsimulationsexhibitrelativelyconstantloading
acrossthespan,whilethefull-admissionsimulation
indicatessignificantlymoreunsteadiness.It is worth
notingthattherotordoesnot becomecompletely
unloadedasit movesthroughtheregionoutsideofthe
flowingnozzles.

Unsteadypressuretracesat variouslocationsalong
themidspanof therotorareshownfor thefull-
admissionsimulationsin Fig.11.Figures12and13
showtracesfrom thepartial-admissionsimulation
correspondingto the bladesmovingthroughthe
flowingportion(Fig.12)andboththeflowing/non-
flowingportionsoftheannulus(Fig.13).Figures14
to 16 contain the Fourier decompositions
correspondingto thepressuretracesin Figs.11-13,
respectively.In the full-annulussimulationthe
dominantunsteadinesson thesuctionsurfaceis the
nozzle-passingfrequency(approximately5000Hz),
while thepressuresurfaceexperiencessignificant
unsteadinessat boththefundamentalandtwicethe
nozzle-passingfrequency.Theharmoniccontentis
generatedbytwosources:a) thepressurevariations
acrossthenozzleexit shownin Fig.2, andb) the
reflectionof therotorbowshockoff thesolidregion
betweenadjacentnozzles.Thedominantunsteadiness
whentherotorsarein thenozzlejetsin thepartial-
admissionsimulationis at the nozzle-passing
frequency,although a moderateamount of
unsteadinessis alsopresentat twicethe nozzle-
passingfrequency.As expected,whenthe rotor
traversesbothflowingandnon-flowingregionsinthe
partial-admissionsimulationthe higherharmonic
content(especiallythatassociatedwith rotorbow
shockreflection)is reducedandmorelow-frequency
contentisobserved.It is interestingtonotethateven
whentherotorsareoutsidetheflowingnozzleregions
theystill experienceunsteadinessassociatedwiththe
nozzle-passingfrequency,albeitata lowerlevel.This
impliesthatthe interactionsbetweentherotorsand
nozzlesdrivetheunsteadinessof theentiresystem,
notjusttheflowingportionoftheannulus.

Theunsteadyaxial,radialandtangentialforcesonthe
rotorsfromthetwosimulationsareshowninFig.17.
Theoveralllevelsof theforcesaresimilarin both
simulations.The forces in the full-admission
simulationexhibittwo peaksasthe rotorsmove
throughthenozzleflow.Thesepeaksaregeneratedby
thepresenceofthesubsonicflowoveraportionofthe

nozzleexit(showninFig.2).Asexpectedtheresults
of thepartial-admissionsimulationindicatethatthe
rotorswindmillwhenoutsidethe regionof the
flowingnozzles.

CONCLUSIONS

Full- and partial-admission unsteady three-
dimensional simulations have been performed for a

partial-admission supersonic turbine designed and
tested at NASA Marshall Space Flight Center. The

results of the partial-admission simulation show

favorable agreement with the design Mach numbers
and velocity triangles of the nozzles and rotors. The
results of the full-admission simulation exhibit fair

agreement with the experimental efficiency, which
was determined by probes biased towards the flowing

regions of the annulus. The full- and partial-
admissions simulations gave significantly different
nozzle exit flow profiles and rotor velocity fields.

The partial-admission rotor exit relative Mach number
is subsonic, as is the design intent. In the full-
admission simulation, however, the relative Mach

number remains supersonic to the rotor exit. The
differences between the results of the two simulations
underscore the need for modeling the complete

annulus for partial-admission geometries.
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Variable

M

(deg)

P (psia)

Pt (psia)

Tt (R)

Inlet
Full Admission

0.274

75.4

801

Inlet

Partial Admission

0.254

76.1

Exit

Full Admission

1.06

-73.4

78.9

801 316

Exit

Partial Admission

1.39

-74.1

78.6

434

799 799 789 786

Mdot (lbm/sec) 16.5 8.3 16.6 8.3

Table 1. Nozzle inlet and exit flow quantities.

Variable

M (abs)

M (rel)

(deg)

[_ (deg)

P (psia)

Pt (abs psia)

Pt (rel psia)

Tt (abs R)

Inlet
Full Admission

0.925

0.612

-56.7

-22.8

Inlet

Partial Admission

0.874

0.737

-68.5

26.8

Exit
Full Admission

0.664

1.183

28.2

61.2

Exit
Partial Admission

0.410

0.769

2.70

71.1

114. 72.8 51.1 51.1

280 208 70.5 61.8

157 116 126 89.6

767 757 540 585

Tt (relR) 681 710 639 652

Mdot (lbm/sec) 16.6 8.3 16.7 8.3
-- 63.3 50.4

_t-t

W (BTU_bm) 57.3 44.0

Table 2. Rotor inlet and exit flow quantities.
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Figure 2. Instantaneous Mach contours - nozzle - full admission.

Figure 3. Instantaneous Mach contours - nozzle - partial admission.



Figure4.InstantaneousMachcontours-upstreamview-full admission.

Figure5.InstantaneousMachcontours- upstreamview- partialadmission.



Figure6.InstantaneousMachcontours-downstreamview-full admission.

Figure7.InstantaneousMachcontours- downstreamview- partialadmission.
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Figure 9. Rotor unsteady pressure envelopes - partial admission in nozzle jets.
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